ABSTRACT Analysis of x-ray diagrams of oriented hydrated cytoplasmic microtubules shows that the tubule wall extends from about 70 to 150 A radially. The central region of the wall appears homogeneous, but the outside surface is subdivided by vertical grooves separating the 13 protofilaments and by a steep 10-fold family of grooves. The inside surface is dominated by the 10-start grooves with no clear subdivision between the protofilaments. We have recently prepared well-oriented gels of calf brain microtubules that give detailed x-ray diffraction patterns (1). The most prominent feature of the diagrams is a series of reflections on layer lines indicating a 40 A axial repeat, with strong diffraction out to spacings of about 10 A (Fig. 1) . In order to interpret the x-ray results, we make use of certain features of the microtubule as imaged in the electron microscope (Fig. 2) . By combining the x-ray data with this information, we have produced a low-resolution (25 A) three-dimensional model for the hydrated microtubule which reveals new aspects of the structure.
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The main component of microtubules is the protein tubulin (55,000 daltons), which associates strongly into a heterodimer (10) composed of a-and f3-tubulin monomers that are chemically very similar (3, 12) . Brain tubulin readily polymerizes into microtubules with a rise in temperature, and the microtubules are stabilized by reagents such as glycerol (3, 4) . To prepare x-ray specimens, microtubules are centrifuged to form birefringent gels and are oriented with the long axis of the particles parallel to the axis of the quartz capillary. The x-ray beam is perpendicular to the particles, and, because there appears to be little evidence of interparticle interference effects, the diagrams record the cylindrically averaged diffraction from a single microtubule.
The strategy used in the analysis of the x-ray diagram is that outlined by Cohen et al. (1); i.e., we interpret the pattern on the basis of a single diffracting system. The first step in the structure determination is the analysis of the equatorial diffraction near the origin; this gives the boundaries of the microtubule wall. A reliable estimate of wall thickness is needed to interpret the diffraction maxima on the other layer lines. With this information, we can construct a model showing the distribution of mass of the microtubule wall.
Analysis of equator
The first three subsidiary maxima of the equatorial intensity (Fig. 3A) are characteristic of diffraction from a thick-walled cylindrical shell (1, 13) . The mean radius is about 110 A, and the inner and outer radii are about 70 A and 150 A, respectively; note that the ratio of the inner to outer radius is about one-half. The equatorial peak at 53 A ( Fig. 3A ; R = 0.0188 A-1) would not arise from a uniform tubule wall but, rather, from the subdivision of the wall into longitudinal filaments ("protofilaments"). Electron micrographs show that the microtubule is made up of 13 protofilaments (7, 8) . The 53-A reflection corresponds to the spacing between the 13 protofilaments along the outer wall of the cylinder at a radius of about 126 A. One major difference is that the tubules seen by x-rays have a substantially greater outer diameter (300 A) compared with the value of 240 A generally taken from electron microscopy.
Apart from some weak subsidiary maxima, the next strong peak on the equator is at a spacing of 26 A ( Fig. 3A ; R = 0.0390 A'-). This reflection could be interpreted as corresponding to a subdivision between 13 protofilaments on the inner surface of the wall located at a radius of 60 A. However, this would place mass outside the wall dimensions determined above, so that we exclude this possibility. The alternative interpretation is that this peak corresponds to a 26-fold density fluctuation at about a radius of 115A in the particle wall. In principle, this fluctuation could be added at'any angular position (phase) with respect to the protofilament. Phases are often obtained by labeling the protein with heavy atoms, but at low resolution one can use the phases calculated from electron micrographs. From such an analysis (see end of next section) the most plausible position for the 26-fold fluctuation would be roughly at the same angular origin as the 13-fold fluctuation. This interpretation suggests that deep grooves exist between the protofilaments and that each protofilament is split slightly (Fig. 4 A and  B) .
Analysis of the first layer line
The first layer line is characterized by four reflections, which appear on each side of the meridian. The first two, near the meridian, are weak; the second two, well away from the meridian, are strong ( Figs. 1 and 3B) . A noteworthy feature of each pair of reflections is that their distance from the meridian is in about the same ratio (i.e., 1/2) as that of the inner and outer radii of the tubule wall. This distribution of x-ray intensity can be simply interpreted on the basis of diffraction from the two surfaces of the tubule. each reflection can be thought of as coming from a small grating that reflects x-rays at right angles to its planes. Because the protein subunits extend from the inner to the outer wall of the tubule, the gratings described by the subunits on the inside have a steeper slope than the corresponding gratings on the outside. The pair of strong reflections thus shows that the wall is carved up by a fairly steep family of helices running at an angle of about 600 to the fiber axis on the outside of the particle, and 450 on the inside. Similarly, the weak pair of reflections near the center of the pattern on this t To whom requests for reprints should be addressed. 3370 The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C.
§1734 solely to indicate this fact. layer line arises from a set of shallow grooves on both the parThis grooving of the microtubule wall was qualitatively deticle surfaces at a slight inclination (about 80°from the fiber duced by Cohen et al. (13) in 1971, but a rigorous interpretation axis). At this resolution, then, the x-ray pattern shows the parrequires more recent electron microscope results. Amos and tide wall to be grooved on both sides, particularly on the outside Klug (5) showed the arrangement of protein subunits in the wall surface. The shape of the subunits produces marked channels of negatively stained flagellar microtubules, and Erickson (6) following steep helices on the outside and inside (Fig. 4) .
confirmed their results for cytoplasmic microtubules. The basic (2) . Note difference between A and B in magnitudes of the peaks. array is 13 protofilaments, each shifted axially by about 9 A relative to its neighbor (Fig. 2C ). This geometry specifies the possible helical families in the microtubule wall; i.e., all the subunits can be connected by 3 helices of low inclination or by a steeper family of 10 helices, etc. Thus, on the first layer line, the position of the weak pair of diffraction maxima (Fig. 3B ) corresponds to the 3-start family of helices (Fig. 2C) , while the pair of strong reflections comes from the steep 10-start helices. An independent test of these assignments is that the helical families specified must lie within the limits of the microtubule wall. This can readily be checked by our previous determination of the wall thickness from the equatorial diffraction. It turns out that the first pair of weak reflections can arise only from the 3-start helical grooves located at the inner and outer edges of the wall at about 70 and 130 A, respectively. Similarly, the strong pair of reflections arises from the 10-start family at radii of about 70 and 120 A, respectively.
The relative positions of the grooves are determined by the phases of the x-ray reflections. From his analysis of electron microscope images of sheets of cytoplasmic tubulin (i.e., parallel arrays of protofilaments), Erickson (6) concluded that the grooves corresponding to the 3-fold, 10-fold, 13-fold, and 26-fold helical lines all intersect in a common origin. We have confirmed these results, and the model shown in Fig. 4 was constructed by combining the electron image phases with the x-ray intensities. The low resolution model The microtubule wall may be thought of as consisting of three radial domains. The outside (beyond r -115 A) shows the dominant protofilament separation, oblique grooves running at 600 to the tubule axis, and an apparent splitting of the subunits (Fig. 4B) . The central region (between 85 and 115 A) lacks major density fluctuations. The inside (within r -85 A) is carved into ridges running at 450, without obvious subdivisions into protofilaments (Fig. 4C) . The subunits clearly are not spherical, and their elongated shape near the outer surface gives rise to the unusual intensity distribution on the first layer line. Thus, we have a good picture of the microtubule wall at this resolution, viewed from either the outside or the inside.
We cannot yet fix the shape of an individual tubulin monomer. While the major grooves probably define the boundaries between protein and solvent, we can only define the boundaries between subunits along the vertical grooves separating the protofilaments on the outside. However, the two lobes making up one subunit (Fig. 4B ) could be combined in several different ways into structure units, some of which would imply the subunit to be 80 A long axially (6) . Moreover, we cannot yet correlate the positions of grooves on the inside and outside. We should point out that the volume contained in a protofilament per 40 A repeat can accommodate only one tubulin monomer, not an a-f3-heterodimer, so that we would rule out the latter as the basic structure unit.
Major intensity on the pattern beyond the area we have discussed is concentrated in a series of three additional layer lines that show strong maxima near the meridian. Their axial repeat is 40.5 ± 0.5 A. This distribution of intensity signifies that the microtubule wall is further subdivided by grooves along relatively flat helical families. Within the uncertainty produced by the disorientation in these specimens, the positions of these peaks are consistent with the subunit arrangement. Moreover, the radial limits of the wall make it possible to specify which helical families correspond to most of these maxima. Generally, the main helical grooves appear to be located near the inner or outer surfaces of the particle. The intensity of these reflections tells us about the depth of the grooves, but we cannot specify their positions (phases) relative to the other grooves already located on the particle walls.
An additional feature of the pattern is the very weak series of reflections near the meridian midway between the layer lines. These reflections indicate that the microtubule wall has an additional axial repeat of 80 A, which appears to be a consistent feature of our diagrams from brain and sperm tail microtubules (see ref. 13 ). Amos 
Conclusions
The early x-ray diffraction diagrams of hydrated microtubules from sperm tail flagella (13) revealed a structure with an overall similarity to that seen in the electron microscope; but there was a puzzling difference in the intensity distribution between the x-ray patterns and optical diffraction patterns of electron micrographs. This was attributed by Cohen et al. (13) to a possible difference in the subunit arrangements (surface lattice) in the microtubule gels and the negatively stained preparations used for electron microscopy. They attempted to establish the symmetry of the microtubule surface lattice from these x-ray patterns, but the weak near-meridional reflection (from the 3-start grooves) on the first layer line was obscured. An additional misleading constraint taken from electron microscopy was the value of 120 A for the outer radius of the microtubule; this restricted the number of possible helical symmetries. We now know that this value is the radius of the deep vertical grooves, which are easily filled with stain, rather than that of the outer tips of the protein subunits. Following the precise description of the surface by Amos and Klug (5) , and with the production of more detailed patterns from highly oriented samples of brain microtubules (1), it became apparent that thesymmetry proposed by Amos and Klug was probably correct; the intensity differences indicated a difference in apparent subunit shape as seen by these two techniques, rather than a difference in the subunit packing.
We have now shown that most of the contrast in the microtubule particle comes from specific groovings of the microtubule surfaces. The stain penetration in electron microscope preparations appears to strongly enhance the rather shallow family of helices (the 3-start family) on the outside of the wall. The x-ray patterns reveal, however, that under the solvent conditions used (25% glycerol), it is the steep, deeply grooved 10-fold helices and the vertical clefts of the outer wall that describe the alignment of the mass of the protein subunits in the hydrated unstained microtubules. The 3-start family makes only a small contribution, so that the x-ray results show a particle with a subunit appearance different from that derived from electron microscopy. Moreover, the x-ray data reveal that the inner surface of the wall is carved into steep ridges that show little of the protofilament grooving. Further details of the x-ray structure, including a consideration of the subunit pairing and the effect of solvent densities on the appearance of the model, will appear in a forthcoming publication.
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